ABSTRACT
INTRODUCTION
The vertebrate retina is organized into a laminar structure comprising seven cell types, all derived from a common pool of multipotent retinal progenitor cells (RPCs) (Cayouette et al., 2006; Bassett and Wallace, 2012; Cepko, 2014) . Retinogenesis follows an evolutionarily conserved, but overlapping, sequence with retinal ganglion cells (RGCs), amacrine cells (ACs), horizontal cells (HCs) and cone photoreceptors becoming postmitotic first while rod photoreceptors, bipolar cells (BCs) and Müller glial cells (MGCs) are generated during a later stage of differentiation (Young, 1985; Rapaport et al., 2004) . This sequence is under the control of both cell-extrinsic and cellintrinsic regulators (Bassett and Wallace, 2012; Boije et al., 2014; Cepko, 2014) which coordinate RPC proliferation, cell fate specification, differentiation and cell survival. Several converging lines of evidence point to specific transcription factors (homeoproteins, basic helixloop-helix, forkhead/winged helix, basic motif-leucine zipper,…) as key intrinsic regulators of retinogenesis (Furukawa et al., 1997; Hatakeyama et al., 2001; Mears et al., 2001; Dyer et al., 2003; Li et al., 2004; Matter-Sadzinski et al., 2005; Fujitani et al., 2006; Jia et al., 2009; Swaroop et al., 2010; Wang et al., 2014; Orieux et al., 2014) . A number of extrinsic factors, such as the morphogen sonic hedgehog, Notch and different growth factors, have been associated with modulating RPC fate and differentiation (Austin et al., 1995; Yang, 2004; Kim et al., 2005; Wang et al., 2005; Borday et al., 2012; Mizeracka et al., 2013) . Transcriptomic analysis during rat retinal development enabled us to identify a protein tyrosine phosphatase interacting protein (PTPIP) named PTPIP51 -also called FAM82A2 or RMD-3-whose mRNA expression is downregulated in post-natal retinal explants when photoreceptor differentiation is blocked (Roger et al., 2007) . This protein was first identified by yeast two-hybrid screening as an interacting partner of two non-receptor protein tyrosine phosphatases, namely protein tyrosine phosphatase 1B and T cell protein tyrosine phosphatase (Stenzinger et al., 2009b; Brobeil et al., 2011) . PTPIP51 is 4/30 expressed in diverse tissues including some regions of the mouse central nervous system (Maerker et al., 2008; Koch et al., 2009 ) as well as in developing and adult mammalian tissue and human carcinomas (Stenzinger et al., 2005; Koch et al., 2008) . This protein has been associated to multiple cellular processes such as apoptosis (Lv et al., 2006) , proliferation or migration (Yu et al., 2008a) and has also been linked with different pathological contexts such as acute myeloid leukemia (Brobeil et al., 2010) or insulin resistance . New partners of PTPIP51, such as the vesicle-associated membrane protein-associated protein B (De Vos et al., 2012; Stoica et al., 2014) and the 14-3-3 adaptor-scaffold protein (Yu et al., 2008b; Bobrich et al., 2011) , have been described and their specific interaction with PTPIP51 could be involved in the regulation of calcium homeostatsis (De Vos et al., 2012) , cell motility (Yu et al., 2008b ) and insulin resistance .
In this study, we report a new function for PTPIP51 in retinal development during which PTPIP51 participates in regulating the differentiation of photoreceptors, more likely the final maturation rather than the cell-fate commitment.
EXPERIMENTAL PROCEDURES

Animals.
Timed pregnant Sprague-Dawley OFA rats were purchased from Charles River (L'Arbresle, France). The day of vaginal plug corresponded to embryonic day 0 (E0), and the day of birth corresponded to postnatal day 0 (P0). Animals were sacrificed according to the recommendations of our local ethical and animal care committee and eyes were dissected to recover neural retinal 
Electroporation of retinal explants.
The central regions of the retina of embryos (E16) and newborn pups (P0) were electroporated using a CUY21 electroporator (CUY21 Single Cell BEX, Nepa Gene, Sonidel, Eire) and cultured on polycarbonate filter discs (Dutscher, Brumath, France) as previously described (Roger et al., 2006; Orieux et al., 2014) .
Cryosection and cell dissociation.
For cryosectioning, retinal explants or dissected eyes were fixed in cold 4 % paraformaldehyde (PFA) and embedded as previously described (Roger et al., 2006; Orieux et al., 2014) . Cell dissociation from retinal explants was carried out as described (Roger et al., 2006) . hybridization, sections were rinsed for 2 hours in 2× SSC at 72°C, and blocked in 0.1 M Tris, pH 7.5, 0.15 M NaCl (B1 buffer) containing 10 % normal goat serum (NGS) for 1 hour at RT. After blocking, slides were incubated overnight at RT with anti-DIG antibody conjugated with the alkaline phosphatase (1/5,000, Roche Diagnostics) in B1 buffer containing 1 % NGS. After washing in B1 buffer, slides were incubated at RT for 2hours in 0.1MTris pH 9.5,0.1 M NaCl, 0.1 M MgCl 2 , 0.1 % Tween-20 and 0.1 M Tetramisole hydrochloride (Sigma-Aldrich, Lyon, France) (B3 buffer). The alkaline phosphatase activity was detected in B3 buffer containing nitroblue tetrazolium chloride (337.5 µg/ml) and 5-bromo-4-chloro-3-indolyl phosphate (175 µg/ml) (Roche Diagnostics). Sections were mounted in Eukitt mounting medium (SigmaAldrich).
InSitu Hybridization
Immunostaining and image acquisition.
Immunofluorescence staining of retinal sections or dissociated cells was performed as previously described (Orieux et al., 2014) . The following primary antibodies were used: mouse anti-ATP Synthase Subunit Beta (Life Technologies); mouse anti-Brn3a (Millipore, Guyancourt, France); 
Real-time PCR (RT-PCR).
mRNA was prepared using a Nucleospin RNA II kit (Macherey Nagel, Hoerdt, France) and cDNA synthesis was carried out using the SuperScript II Reverse Transcriptase (Life Samples were run in triplicate and corresponded to three independent biological samples.
Construction of Small hairpin RNA vectors and pCIG over expression vectors.
The pU6-Ptpip51 small hairpin RNA (shRNA) was generated by ligation of the following The rat ptpip51 (NM_001014046) was cloned using the gateway technology (Life Technologies) into a pCIG-eGFP vector that contained an internal ribosome entry site (IRES) sequence to generate enhanced green fluorescent protein (eGFP) under the control of the same beta-actin promoter as previously described (Orieux et al., 2014) . A truncated form of PTPIP51 (called PTPIP51-∆TM), which lacks the 157 first bases, containing the transmembrane domain, was cloned in the same vector. This mutant form is called PTPIP51-∆TM.
The different plasmids were validated by transfection of DF1 cells using FuGENE ® 6 Reagent (Promega) as previously described (Lelièvre et al., 2011) .
Western blot analysis.
Protein extracts were collected in lysis buffer (20mM NaH 2 PO 4 , 250mM NaCl, 30mM NaPPi, 0.1% NP40, 5mM EDTA, 5mM DTT) containing protease inhibitors from transfected DF1 fibroblast cells. Homogenates were sonicated and centrifuged for 5min at 5000g, and then 20µg of the supernatant were subjected to SDS-PAGE, as previously described (Roger et al., 2006) . Antibody binding was revealed by the Enhanced Chemiluminescence System Plus (GE Healthcare) on X-Ray film.
Quantitative analysis.
For quantification of dissociated cells that were immunolabeled as a monolayer, a minimum of 300 and up to 1000 cells per sample were counted using MetaMorph software (Universal Imaging Corporation). TUNEL labelling was quantified by averaging the total number of positive 9/30 cells on three different retinal explants. Quantification of marker staining is expressed as mean ± S.E.M. Statistical analysis was performed using Prism 6 (GraphPad software; La Jolla, CA, USA) with Mann-Whitney test for all pair wise analysis. Values of p< 0.05 were considered statistically significant.
RESULTS
PTPIP51 expression in the retina
The temporal pattern of Ptpip51 expression was performed by RT-PCR and by in situ hybridization (ISH) during retinal development in the rat (Figure 1) . RT-PCR experiments showed that the expression level increased progressively during the postnatal phase of the retinal development from birth (P0) to reach a peak at P14 before a slightly decrease in the adult retina ( Figure 1A ). The level of Ptpip51 mRNA was virtually undetectable before birth. ISH experiments revealed a temporal expression pattern in agreement with the qRT-PCR data with a signal at the limit of detection at P0 and the strongest labeling obtained in retinal sections from P14 rats ( Figure 1B ). After P5, Ptpip51 mRNA was expressed in almost all the retinal cell layers with a weaker signal in the ganglion cell layer (GCL). Notice that Ptpip51 expression at all stages of development was principally observed in the neural retina, even though a low expression is distinguishable in the retinal pigmented epithelium, the ciliary body, the corneal epithelium and the iris. The other structures of the rat eyes, such as the sclera, the lens or the corneal stroma were virtually unlabelled ( Figure 1B ; P7 and P14 stages). The co-expression of PTPIP51 and ATP Synthase confirmed that PTPIP51 localization in the outer part of the retina was restricted in the photoreceptor inner segments.
The differentiation of photoreceptor precursors is altered in absence of PTPIP51
In order to evaluate the function of PTPIP51 during the postnatal development of the retina, we knocked down PTPIP51 expression by shRNA-interference in rat retinal explants. To inhibit PTPIP51 expression, we utilized a pU6-based shRNA system co-expressing a GFP reporter gene (Figure 4Ac ). Because PTPIP51 is not expressed before birth in the rat retina, we electroporated explants from P0 retina and focused our attention on the late-born retinal cells, i.e. the rod photoreceptors, the MGCs and BCs (Figure 4B−G) . Three days after electroporation, the percentage of photoreceptor precursors immunoreactive for Crx was similar in that observed in shPTPIP51-electroporated explants (89.26 ± 1.1 %; n = 4) compared to shLuciferaseelectroporated control explants (88.68 ± 1.6 %; n = 4) ( Figure 4B ). These results indicate that three days after silencing PTPIP51 expression in P0 retinal explants, the commitment of the RPCs into the photoreceptor lineage was not modified. As expected at this stage, the residual RPCs normally committed into the Pax6 lineage (ACs and HCs) were not affected at all by down-regulation of PTPIP51 (11.38 ± 1.27 % after PTPIP51 silencing versus 11.56 ± 1.69 % on the control; n = 4). Because PTPIP51 is expressed in the inner segments of the photoreceptors (Figure 3) , we questioned whether the PTPIP51 silencing could influence the maturation of the photoreceptors. Three days after electroporation, a downward trend in the proportion of more mature photoreceptors expressing Recoverin or Rhodopsin was observed in shPTPIP51-electroporated explants ( Figure 4B ). Seven days after electroporation, no significant changes were observed in the proportion of Crx-positive photoreceptors following PTPIP51 silencing ( Figure 4C ). However, specific evaluation of more differentiated photoreceptors, corresponding to the number of cells expressing Rhodopsin and Recoverin among the GFP-positive population, revealed a greater decrease of immunopositive cells in shPTPIP51-electroporated explants (10.23 ± 2.03 % and 14.51 ± 1.20 % respectively; n = 4) compared to shLuciferase-electroporated explants (64.18 ± 2.17 % and 51.53 ± 4.88 % respectively; n = 4) ( Figure 4C ). Figures 4D and 4E illustrate the decrease of electroporated cells (GFP-positive) immunopositive for Rhodopsin in 12/30 shPTPIP51-electroporated explants ( Figure 4E ) compared to the control ( Figure 4D ). Evaluation of the proportion of BCs and MGCs identified with Goα and GS respectively revealed either no significant changes following PTPIP51 silencing ( Figure 4C ). To exclude cell death as a cause of the large decrease of photoreceptors in shPTPIP51-electroporated explants, we performed TUNEL staining to identify apoptotic cells. Figures 4F and 4G show that the majority of positive cells was observed in the GCL, in both shPTPIP51-electroporated and shLuciferaseelectroporated explants three days after electroporation. This observation was probably due to the retrograde degeneration of the RGCs after the optic nerve section and the absence of projection targets in vitro. Besides this expected wave of cell death in the GCL, the number of TUNELpositive cells among the GFP-positive population was very low in both shPTPIP51-electroporated (2.1 ± 0.3 cells per section; Figure 4G ) and shLuciferase-electroporated explants (1.8 ± 0.2 cells per section; Figure 4F ), suggesting that rare apoptosis of differentiating photoreceptors could not be responsible for the large decreased rate of photoreceptors after PTPIP51 silencing.
Misexpression of PTPIP51 do not influence the retinal development
In order to define the role of PTPIP51 during the development of the retina, we performed misexpression experiments on P0 retinal explants. . Western-blot analysis of transfected DF1 We next examined whether PTPIP51 overexpression in E16 RPCs that do not normally express this protein could affect their cell fate and differentiation. Seven days after electroporation, quantification of the proportion of ACs and HCs identified with Pax6 and Calretinin revealed no significant changes following PTPIP51 overexpression ( Figure 5C ). In the same way, the rate of photoreceptors immunoreactive for Rhodospsin, Recoverin of Crx was not modified in PTPIP51-electroporated explants ( Figure 5C ).
Since PTPIP51 overexpression has been reported to induce cell death in vitro (Lv et al. 2006) , and in order to exclude the fact that the absence of effect after PTPIP51 overexpression could be due to a massive cell death of PTPIP51-overexpressing cells, we evaluated the cell death in retinal explants three days after electroporation. An important number of apoptotic cells was observed in the GCL of retinal explants electroporated with PTPIP51 ( Figure 5D ), but the number of TUNEL-positive cells in the ONL within the GFP-positive population was very low (2.8 ± 0.4 cells per section). A very similar number of apoptotic cells were observed (2.3 ± 0.5 cells per section) in retinal explants electroporated with PTPIP51-∆TM ( Figure 5D ), previously described as unable to induce cell death (Lv et al., 2006) . These results demonstrated that overexpression of PTPIP51 in the RPCs is not pro-apoptotic.
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DISCUSSION
In the present study, we reported the expression of PTPIP51 in the rat retina during post-natal development, specifically in RGCs, and in photoreceptor cells in more mature retina as previously suggested in mouse (Maerker et al., 2008) . Furthermore, we have also demonstrated that PTPIP51 expression in the photoreceptor cells is specifically localized at the level of the inner segments. Lastly, we reported the expression of PTPIP51 in the inner nuclear layer specifically in HCs and ACs for the first time. However, unlike Maerker et al. (2008) we did not detect significant expression of Ptpip51 mRNA in the retina before birth. The difference might originate from the methodology used, because Maerker et al. (2008) seem to have used whole eye's extracts for their PCR and western blotting experiments. Since their study clearly reported a PTPIP51 expression in other ocular tissues such as the cornea or the lens, it's difficult to affirm that embryonic retina expressed PTPIP51. In our RT-qPCR study, we have specifically extracted the RNA from isolated retina at each stage of development and confirm that Ptpip51 mRNA was not detected before birth ( Figure 1A ). Another explanation could be related to the species studied, namely rat or mice.
Interestingly, the subcellular localization noticeably differed in the different retinal cell types. The expression of PTPIP51 was restricted to the cytoplasm of ACs and HCs, while PTPIP51 was found to be also expressed in the nucleus of the RGCs. Regarding the photoreceptor inner segments, the co-localization of PTPIP51 with the ATP-synthase, a mitochondrial marker, suggests the association of PTPIP51 with this organelle, as previously described in other cell types (Lv et al., 2006; De Vos et al., 2012; Stoica et al., 2014) . The variability of the subcellular localization in the rat retina is in agreement with previous studies, which reported different localization for PTPIP51 according to the cell type, but also resulting from the phosphorylation 15/30 status of PTPIP51 and from the type of the interacting proteins involved (Stenzinger et al., 2009b; Brobeil et al., 2010 Brobeil et al., , 2012 Bobrich et al., 2013) . Furthermore, different isoforms of variable molecular weight have been observed in many tissues, including mouse brain and retina (Stenzinger et al., 2005 (Stenzinger et al., , 2009a Maerker et al., 2008; Koch et al., 2009; Brobeil et al., 2010) .
Experimental finding were limited to Western blot analyses but predictive alternative splicing from bioinformatics analysis of the coding ORF of PTPIP51 could explain the generation of different PTPIP51 isoforms. Moreover, the N-terminal putative transmembrane motif has been described to be required for the localization of PTPIP51 at the membrane level (Lv et al., 2006) , suggesting that predictive isoforms devoid of this motif may exhibit a different localization from the full-length isoform (Stenzinger et al., 2009b) . All these data, to be experimentally confirmed, could also explain the variability in the localization of PTPIP51 found in the retina.
Our study demonstrated that PTPIP51 plays an important role during the last phase of the retinal development and is required for full differentiation of photoreceptors since the generation of Rhodopsin-positive cells in P0 retinal explants is largely reduced in absence of PTPIP51. Our data suggest that PTPIP51 is not involved in the commitment of RPCs towards the photoreceptor cell fate but more specifically implicated in the maturation of the photoreceptor precursors in fully-differentiated cells. Indeed, the silencing of PTPIP51 expression did not affect the generation of the CRX-positive photoreceptor precursors. This is in agreement with the downregulation of PTPIP51 expression in P0 retinal explants treated with ciliary neurotrophic factor (Roger et al., 2007) , where an inhibition of the rod photoreceptor differentiation was observed (Ezzeddine et al., 1997; Schulz-Key et al., 2002; Rhee et al., 2004; Rhee and Yang, 2010) .
The PTPIP51 protein also known as regulator of microtubule dynamics protein 3 (RMD-3) belongs to a family of microtubule-associated proteins and its interaction with microtubular 16/30 cytoskeleton has been recently demonstrated by duolink proximity ligation assay (Brobeil et al., 2012) . A potential role of PTPIP51 in cell morphology and motility has been postulated in different cell lines via its interaction with the 14-3-3 adaptor-scaffold protein (Yu et al., 2008b) .
Moreover, PTPIP51 has been reported to be expressed in different ciliated epithelia such as the brain ependymal cells, the respiratory epithelium, the uterine epithelium or efferent ductules of the testis (Stenzinger et al., 2005 (Stenzinger et al., , 2009a , where PTPIP51 protein appeared to be localized within the motile cilium, close to the microtubules and the basal body (Stenzinger et al., 2005) .
Considering that the outer segment of the photoreceptor is a modified cilium (Adams et al., 2007; Kennedy and Malicki, 2009; Pearring et al., 2013; Guemez-Gamboa et al., 2014) , it might be possible that PTPIP51 participates in the regulation of the dynamics of the connecting cilium or the intraflagellar transport machinery, occurring during both the outer segment morphogenesis and renewing.
In conclusion, our results have shown that PTPIP51 expressed in post-natal retina contributes to the final differentiation of photoreceptors, probably by participating in the complex formation of the photoreceptor segments.
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